Abstract The STEP-NC-AP 238 and ISO 14649 standard is the result of a 10-year international effort to replace the RS274D (ISO 6983) G and M code standard with a modern associative language that connects the CAD design data used to determine the machining requirements for an operation with the CAM process data that is used in creating a machining solution to satisfy these requirements. STEP-NC builds on the previous 10 years effort to develop the STEP neutral data standard for CAD data, and uses the modern geometric constructs in that standard to specify device independent tool paths, and CAM independent volume removal features. STEP-Manufacturing, Team 24 in Working Group 3 (WG3) of ISO TC184/SC4, is developing and validating the STEP-NC standard in liaison with Working Group (WG7) of ISO TC184/SC1 who provides the domain-specific input (ISO 14649) used within the standard. This paper reviews the demonstrations carried out by STEPManufacturing over the past 10 years. These demonstrations have been international collaborations between industry, academia, and research agencies. Each demonstration focused on extending the STEP-NC data model for a different application.
Introduction
The language for programming numerically controlled (NC) machine tools has remained fundamentally unchanged since the early 1950s when paper tape was the most popular medium for moving data between computers. The capabilities of CNC machines have improved significantly with the invention of minicomputers, and later microcomputers. Multi-axis, multi-tool, and multi-process computer numerically controlled (CNC) machines are commonly seen in manufacturing sites. However, most CNC machines are still using the same GOTO codes, namely G&M codes formalized as the ISO 6893 [1] standard that was used to program their archaic ancestors. This is principally because there is no standard method to get 3D product and process data into the control.
The ever-growing capabilities of CNC machines have made the process planning and programming tasks more difficult and more complex. Thus, off-line software tools for computer-aided design (CAD), computer-aided process planning (CAPP), and computer-aided manufacturing (CAM) are required for efficient and proven NC code generation. Many such systems are used to manage technical product data for manufacturing processes in industry.
The software and hardware capabilities now available at machine tools makes it possible to graphically simulate the tool motion and the material removed, and to use adaptive control for on-line improvement of manufacturing process parameters [2] . However, each system has its own proprietary data format so the same information has to be entered multiple times into multiple systems leading to redundancy and errors.
Industry vendors and users are seeking a common language for the entire product development lifecycle that can describe design, manufacturing, measurement, and other data pertaining to the product. STEP provides a mechanism that is capable of describing product data, independent from any particular software or hardware system. The nature of this description makes it suitable not only for neutral file exchange, but also as a basis for implementing, sharing, and archiving product databases. ISO 10303-Application Protocol (AP) 203 [3] is the first and perhaps the most successful AP developed to exchange design data between different CAD systems. Going from geometric data, as in AP 203, to features, as in AP 224 [4] , is an important step toward enrichment of data handling to enable STEP-based CAD/CAM/CNC systems. Of particular significance to manufacturing is STEP-NC AP 238 [5] , an extension of STEP utilizing feature-based concepts for CNC machining [6] .
This paper presents the on-going research efforts of the STEP-Manufacturing group in STEP-NC standard development and STEP-NC enabled interoperable manufacturing. STEP-Manufacturing is one of the teams meeting under Working Group 3 (WG3) of ISO TC184/SC4. Team members are from academia, government, and industry. The team meets three times a year at locations in the USA, Europe, and the Far East. Since 2000, numerous demonstrations have been carried out to validate portions of the STEP-NC standard. In the next section, the background of STEP-NC standard, its modeling language, and the STEP-Manufacturing group is introduced. In Section 3, the timeline of the STEP-NC demonstrations is presented. Remarks and conclusions are drawn in Section 4.
Background
The capabilities of CNC machines have improved significantly during the past half of the century. However, the CNC machine tool programming language has remained mostly unchanged. In order to achieve faster, more accurate, and more autonomous machine tools that are driven by product and process models and responsive to the manufacturing enterprise, smart data is essential for smart machines. The challenges to realize the vision of smart data for smart machines are (a) the resistance of vendors to standardization-a business challenge; and (b) the development of the data models themselves-a technical challenge. To overcome the business challenge, it is indispensable to involve vendors and users together and pull for a standard for it to be successful. To tackle the technical challenge, the primary focus is on the validation of standards. This means setting up realistic pilot tests that show that the standard is indeed doing what it is supposed to. The research carried out by the STEP-Manufacturing group well addresses these two challenges. The members of the STEP-Manufacturing group include manufacturing industry vendors of CAD/CAM/CNC systems and users such as Boeing. The group has conducted a series of successful tests and demonstrations that involve STEP-NC data model development, implementation, and validation. This section first introduces the STEP-NC standard effort to realize manufacturing interoperability; and then the background of the STEP-Manufacturing group is presented.
2.1 STEP-NC STEP, the Standard for the Exchange of Product Model Data, is a large and powerful set of ISO standards; all under ISO 10303. The overall objective of STEP is to provide a mechanism that describes a complete and unambiguous product definition throughout the life cycle of a product [6] .
A typical use of STEP can be given in the following scenario. An automobile engine designer working with a commercially available CAD system designs an engine block. The CAD system's native representation of the design is proprietary to the vendor of the system, but a STEP output module has been included within the CAD system that translates the proprietary representation into a representation using the STEP application protocol for configuration controlled design (AP 203). The AP 203 representation is saved in a STEP data file using Part 21 of STEP. The engine block design is sent to a manufacturing plant by sending the STEP Part 21 file for the design. At the manufacturing plant, a manufacturing engineer using a CAD system from a different vendor tells the CAD system to read the STEP file. This is possible because the second CAD vendor has also implemented STEP AP 203. The system has a module that read the STEP file and builds a representation of the design
